This chapter describes the development and calibration of an XP SWMM Project Model of the City of Ottawa's major interceptor and collector sewers. The Project Model was developed to confirm the size and assist in the development of an operating strategy for the Somerset Wastewater Storage Facility (SWSF). Significant temporal and spatial vaTiability of rainfall over the large West Nepean sewershed area precluded the calibration of the entire Project Model utilizing precipitation information from the area rain gauges alone. Rainfall data was developed for a virtual rain gauge network, which provided 5-minute rainfall volume estimates for each 1 km 2 of the drainage area, utilizing data from the existing rain gauges and the weather radar infmmation. Final Project Model calibration was performed using the flow data collected at six flow monitoring stations in the West Nepean portion ofthe collection system and the virtual rain gauge data averaged over the Project Model sub-catchment areas. In general, measured and modelled peak flows and event volumes matched well, with 17 out of 24 events having peak flows within the 15% envelope. Measured and modelled event volumes were within a 15% envelope for all 24 model calibrations. Rainfall estimates for the large West Nepean sevlershed area based on radar imaging enabled the calibration of the Project Model. which would not have been possible using data obtained from the area rainfall gauges alone.
Introduction
All urban drainage models require rainfall as input. The input can consist of rainfall intensities for one or several storms, used for model calibration or analysis of collection systems under extreme conditions, or a long-term continuous series of rainfall data for average pertormance analysis.
The perfonnance requirements for CSO control in Ontario are based on long-tenn average values. In order to evaluate the average long-tenn performance, rainfall series (recorded or generated) for a large number of years are needed. Meteorological Service of Canada (fom1erly Atmospheric Environment Service or AES) of Environment Canada maintains a large number of rainfall recording stations, and the station records are typically used for continuous simulations of urban drainage systems in Canada. Long-tem1 (hourly) rainfall record from the AES station closest to the modeled drainage system is usually selected, and used as input to estimate its average long-tenn performance. The stations are spaced anywhere from several kilometers to hundreds of kilometers apati. For model calibration purposes however, rainfall infonnation at a much smaller scale is required. In order to capture the rainfall information needed for the operation of the collection system and treatment facilities, mlmicipalities often install additional ran gauges. The rainfall data collected at these gauges is typically used to calibrate the models of the collection systems.
Depending on the collection area included in a particular model, point rainfall information from the rain gauges may or may not be sufficient for model calibration purposes, sizing of overflow control facilities in combined systems, and dctennination of the collection system operating strategies. Effects ofboth spatial (Schilling, 1984; Faures et al., 1995; Koren et al., 1999) and temporal (Ogden and Julien, 1993; Ball, 1994) distributions have been shown to be significant in runoff modeling.
In the City of Ottawa case presented in this chapter, an XP SWMM model of a large portion of the City's collection system (West Nepean) was calibrated initially using point precipitation data from three municipal rain gauges. The model was developed to confm11 the size and assist in the development of an operating strategy for the Somerset Wastewater Storage Facility (SWSF). Early results of the calibration process indicated that significant spatial and temporal variability existed over the large catchment area being modeled, and that there was a need for better indication of the rainfall that occuned during the monitoring period. Given that flows from West Nepean sewershed area of the City of Ottawa collection system will be diverted to the SWSF under emergency conditions, the West Nepean area provides an important boundary condition in the system. Therefore, it was crucial that the calibration of that part of the Project Model be as accurate as possible.
In the following sections, the background for the Somerset Wastewater Storage Facility Project in the City of Ottawa is presented first, followed by the details on the development ofthe Project Model ofthe City of Ottawa collection system. Results of the initial calibrations of the West Nepean portion of the Project Model are covered next. The development ofthe radar precipitation data and the results of the final model calibration are described briefly. Following that, a summary of the project is presented along with the conclusions reached.
Background
The City of Ottawa's sanitary sewer system consists of local sewers and many large collector sewers. Three major interceptor sewers, the Ottawa Interceptor-Outfall Sewer, the Green Creek Collector, and the Orleans-Cumberland Interceptor, convey flows to the treatment plant, the Robert 0. Pickard Environmental Centre (ROPEC). The SWSF was conceived to address the CSO discharges and wet weather flows in the Ottawa Interceptor-Outfall Se\ver service area. Figure 11 .1 presents the locations of the collector sewers, the Ottawa Interceptor-Outfall Sewer and ROPEC. The Ottawa Interceptor-Outfall Sewer services the older portions of the City of Ottawa and contains most of the partially separated and combined areas within the City. It also conveys flows from the West Nepean Collector, as sho\vn in Figure 11 .1, which services approximately 3,200 ha. Land use within the West Ncpean sewershed area is mostly residential. Approximately 71% of the serviced area is separated, 28% is partially separated, and 1% is combined.
Many of the large collector sewers which dischm·ge into the Ottawa Interceptor-Outfall Sewer are equipped \Vith regulating chambers which allow overflows to occur into the Ottawa River. Seven major float controlled regulators control the f1o\VS that can enter into the Ottawa Interceptor-Outfall Sewer fi·om the collector sewers. In addition to the float controlled regulator chambers, there are also a significant number of uncontrolled regulator chambers.
System wide modeling conducted as pmt of the Wastewater System Operational Revievl Study concluded that approximately 82% of wet weather flows were being intercepted and received treatment at ROPEC. The City has committed to meeting the requirements of MOE CSO Control Policy F-5-5 which lists the following minimum CSO controls:
eliminate CSOs during dry weather periods except under emergency conditions; establish and implement pollution prevention programs that focus on pollutant reduction activities at the sources; establish and implement proper operation and regular inspection and maintenance programs for the combined sewer system in order to ensure continued proper system operation; establish and implement a floatables control program to control coarse solids and floatables materials; maximize the use of the collection system for the storage of wet weather flow which are conveyed to the Sewage Treatment Plant for treatment when capacity is available; • maximize the flow to the Sewage Treatment Plant for the treatment of wet weather flows; and, dming a seven month period commencing within fifteen days of April 1, capture and treat for an average year all the dry weather flow plus 90% of the volume resulting from wet weather flow that is above the dry weather flow. This criteria is to be applied on a regulator or system wide basis.
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The City of Ottawa has addressed most of these requirements through a wide variety of studies and programs. The Central Storage Facility Class Environmental Assessment (Class EA) study was undertaken to address the last criteria and selected a central storage tunnel facility as the preferred alternative.
Following the completion ofthe Class EA study, the City and the former Region of Ottawa-Carleton began the Somerset Wastewater Storage Facility Project, which included the development of a refined conceptual design for the central storage tunnel facility and subsequent preliminary and detailed design phases.
Project Model
At the outset of the Somerset Wastewater Storage Facility Project, the need to address to a number of outstanding issues was raised. These issues had a direct bearing on the modeling tools used in the Class EA study and included the following:
• The City of Ottawa had completed many sewer separation projects and was committed to completing sewer separation for the majority of the combined system by the year 2004; • The City of Ottawa is proceeding with the design and construction of three flow diversions within the service area of the West Nepean Collector which will divett wet weather flows during large wet weather events to the South Ottawa Collector; • An existing XP-SWMM model of the collection system, used in the analysis of alternatives in the Class EA study, had been calibrated with data collected in 1988. The former Region and City had both undertaken significant flow monitoring programs since the completion of the EA study which would allow the model calibration to be revisited; and, • The need to review the existing model representation of key hydraulic elements including regulator and overflow structures. To resolve these issues, it was decided that a refined Project Model would be developed. The refinements included updating the model calibration, the selection of hydrologic model parameters to represent areas which would undergo partial separation by the year 2004, updates to future flow projections based on the 1997 Wastewater Master Plan, and the selection of a typical rainfall year. Figure 11 .2 presents an overview of the model refinements and planned model application.
The Project Model was then to be utilized to confinn the required size and operation of the Somerset Wastewater Storage Facility. A number of model scenarios were developed to represent design variations being considered by the project team. These vaTiations included the construction of a connection between the Somerset Wastewater Storage Facility and the West Ncpean Collector. The West Nepean Collector receives significant wet weather flows despite the fact that the tributary area is largely separated. Model Application 
Project Model Calibration
Model refinements included the following:
• updates to the physical structure of the model to represent a number of projects that the City and the f01mer Region have undertaken since 1996; • the development of hydrologic model parameters to represent newly partially separated areas; and an updated model calibration using flow data collected at a total of fifteen sites and rainfall data collected at a total of seven sites.
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To ensure a consistent Project Model calibration, a calibration procedure was developed. The procedure was designed to enhance the ability of the Project Model to represent existing hydrologic and hydraulic conditions. The calibration methodology included: 1. All model calibrations were completed using EXTRAN to account for any hydraulic limitations in the local collection systems. 2. Dry weather flows and dry weather flow diurnal patterns were input in the Project Model. Calibrations were completed using the total recorded flow at each location and not just the wet \>,'Cather component. 3. Prior to beginning the model calibrations for each flow monitoring location, a review of the flow data was undertaken to determine the nature of the wet weather response. A review of catchment characteristics was also undertaken. Where a long infiltration response was identified, model calibrations were completed using the RUNOFF groundwater routine. Where no long infiltration response could be identified, model calibrations were completed without the groundwater routine. 4. Model calibrations were completed using rainfall data from the nearest rain gauge with available data. As part of the model calibration procedure, initial values for all parameters were selected. Some of these values were adjusted to calibrate the model. In general, catchment percent imperviousness, width, selected infiltration parameters and selected groundwater parameters were adjusted to facilitate model calibration. Table 11 .1 presents the initial parameters selected and identifies calibration parameters that were adjusted to calibrate the model. Model calibrations were undertaken using flow data at fifteen flow monitoring locations and seven rain gauges shown in Figure 11 .1. Where possible, a minimum of three events were used to calibrate the model.
Figures 11.3 and 11.4 present the results of model calibrations. Figure  11 .3 presents the comparison of modeled and measured peak flows for all of the model calibration undertaken. Examination of Figure 11 .3 shows that modeled and measured peak: flows were within a 15% envelope for 26 of 39 model calibrations. Examination of Figure 11 .4 shows that modeled and measured event volumes were within a 15% envelope for 32 of 39 model calibrations. However, at several locations, only limited model calibrations were undertaken due to a lack of suitable data to confirm model parameters.
Project Model Calibration
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. . when no rainfall was recorded at three rain gauges. Also, a minimal response was evident in the flow data to short, high-intensity rainfall events recorded at some of the rain gauges in and around the drainage area. Additional model calibration was therefore tmdertak:en for the West Nepean Collector sewershed area to confinn model parameters using the virtual rain gauge information described in the following section.
Radar Precipitation Data
The radar technology detects raindrops and clouds much the same way that it detects airplanes. The radar antenna emits a pulse of microwave energy, which is scattered by rain or snow or ice particles. Some of the energy is reflected back to the radar detector as an ''echo". The radar system is able to display the location of the "echo" based on the time it takes benveen sending the signal and receiving the reflected signal back again. The intensity of the echo is based on the concentration of rain or snow (Environment Canada Web Site). Environment Canada presently maintains 22 radar stations, which cover 90 to 95% of the population in Canada. Each radar station has a detection area of 240 km in radius.
The weather radar information from Environment Canada was utilized to develop the virtual rain gauge precipitation information. RADHYPS, a Canadian company specializing in water resources products and services that are based on radar hydrology teclmologies perfonned this task. The company's RainScan product includes high-resolution distributions of precipitation accumulations at spatial resolutions of 1 km 2 and temporal intervals of 5 min. The radar data for each storm event is organized as a series of matrices. Each matrix encompasses data over the territory of interest and is composed of cells representing the total precipitation over a space of 1 km 2 and for a time interval of 5 min.
The radar precipitation data was adjusted with available rain gauge infonnation to increase the grmmd catch estimate accuracy. Rain gauge data was utilized to derive temporally varying corrective factors. This was accomplished by comparing variations in rain gauge and radar precipitation volumes for a set time period, typically 30 minutes. Consequently, the computed conective factors were applied to the entire radar data in order to obtain the best ground catch rainfall intensity estimates. RADHYPS uses several weather radar data conective methods, which range from simple linear spatia-temporal averaging techniques to more complex point influence zones considering the location of each rain gage within a network.
The vittual rainfall gauge data produced for a 1 km 2 grid was averaged over the model sub-catchments. Figure 11 .5 shows the extent of rainfall spatial variability, as derived from the radar precipitation information, for catchments in the Cave Creek Collector system for three events in 1999. During the May 24, 1999 event, the lowest rainfall depth in the Cave Creek Collector drainage area was 16.8 mm (catchment ccOSOOO), while the largest depth of 22.7 mm occurred over the sub-catchment cc07300, indicating a difference of 26%. Similarly, the difference between the largest and smallest rainfall volume in the Cave Creek Collector drainage area was 44% and 31% during the events of June 12, 1999 and July 9, 1999, respectively.
The virtual rain gauge precipitation data was compiled into a single precipitation ( .rin) data file for use in the Project Model. Each vittual rain gauge station was assigned a name corresponding to the sub-catchment to which the rainfall was applied. The resulting precipitation data file contained data for a total of 87 vittual rain gauges. 
Final Model Calibrations
The rainfall data utlized in the final model calibrations consisted ofS-min rainfall data for 1998 and 1999 generated for each sub-catchment in the Project Model. This data was input directly into the model and utilized to refine the model of Pinecrest, Woodroffe, West Nepean, Mooney's Bay, and Cave Creek Collectors. The runoff and groundwater parameters that resulted from the previous calibration exercise were refined using this additional data. Additional flow monitoring data was also used in the final model calibrations. Data from the West Nepean Collector at Wylie and Woodroffe Collector, shown in Figure 11 .6, were used to conduct a more detailed model calibration in a systematic manner, starting with the upper-most portions of the collection system. Results of calibrations of individual trunk drainage areas follow.
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Pinecrest Collector
Model calibrations for the Pinecrest Collector were completed with flow and rainfall data for a total of five events. A review of flow data collected in the Pinecrest Collector revealed that peak flow response of the area was moderate, and the dry weather flows following the rainfall event were elevated slightly for a period of about two to five days following the event. This type of response is typical of a slow infiltration response. The groundwater modeling routine was utilized to capture this response.
The model calibration procedure focused on adjustments to the infiltration, percolation and groundwater outflow parameters. Specifically, the percolation curve fitting parameter and the groundwater outflow toefficient and exponent, were all adjusted to obtain a good match between measured and modeled results. Table 11 .2 presents the results of the calibration. The rainfall volumes shown in Table 11 .2 represent area weighted rainfall volumes calculated using the radar rainfall data for the Pinecrest Collector catchments.
The calibration events had rainfall volumes ranging from 18.5 mm to 42.7 mm. A review of the calibration curves indicated that the model reasonably computes hydrograph shape, peak flows and event volumes. 
West Nepean Collector at Wylie
Model calibrations for the WestNepean Collector at Wylie were completed with flow and rainfall data for a total offour events. As with the Pinecrest Collector, the model calibration procedure focused on adjustments to the infiltration, percolation and groundwater outflow parameters. Table 11 .3 presents the calibration results. The rainfall volumes shO\vn in Table 11 .3 represent area weighted rainfall volumes calculated using the radar precipitation data for the catchments upstream of Wylie. The calibration events had rainfall volumes ranging from 19.3 mm to 40.2 mm. A review of the calibration curves indicated that the model reasonably computes hydrograph shape, peale t1ows and event volumes. 
Woodroffe Collector
Model calibrations for the W oodroffe Collector were completed with flow and rainfall data for a total of three events. A review of flow data collected in the Woodroffe Collector revealed that peak flow response of the area was relatively small, and the dry weather flows following the rainfall event were elevated for a period of about four to seven days following the event. Again, the groundwater modeling routine was utilized to capture this response. Table 11 .4 presents the results of the calibration. The rainfall volumes shovm in Table 11 .4 represent area weighted rainfall volumes calculated using the radar precipitation data for each catchment in the Woodroffe Collector. The calibration events had rainfall volumes ranging from 12.4 mm to 24.8 mm. A review of the calibration curves indicated that the model reasonably computes hydrograph shape, peak flows and event volumes. 
West Nepean Collector at Carruthers
Model calibrations for the West Nepean Collector at CatTuthers were completed with flow and rainfall data for a total of five events. This section of the model was calibrated after calibrating the Pinecrest Collector, theW oodroffe Collector, and the West Nepean Collector at Wylie, since these three systems are all upstream of Carruthers. A review of flow data collected at Canuthers revealed that peak flow response of the area was low, and the dry weather flows following the rainfall event were elevated for a period of about four to seven days following the event. This type of response is typical of a slow infiltration response. The groundwater modeling routine was again utilized to capture this response. Table 11 .5 presents the results of the calibration. The rainfall volumes shown in Table 11 .5 represent area weighted rainfall volumes calculated using the radar rainfall data for each catchment in the West Nepean Collector. The calibration events had rainfall volumes ranging from 19.7 mm to 41.1 mm. A review of the calibration curves indicated that the model reasonably computes hyckograph shape, peak flows and event volumes. Moone)' 's Bay Collector Model calibrations for the Mooney's Bay Collector were completed with flow and rainfall data for a total of three events. This area is largely partiallyseparated, and a review of the flow data showed a very small infiltration response. Calibration for this system therefore focussed on adjustments to the percent imperviousness and catchment width to achieve a good match between modeled and measured flows. The groundwater routine was then used to slightly extend the tail of the runoffhydrograph. Table 11 .6 presents the results of the calibration. The rainfall volumes shown in Table 11 .6 represent area weighted rainfall volumes calculated using the radar rainfall data for each catchment in the Mooney's Bay Collector. The calibration events had rainfall volumes ranging from 19.2 mm to 3 3. 8 mm. A review ofthe calibration curves indicated that the model reasonably computes hydrograph shape, peak flows and event volumes. 
Cave Creek Collector
Model calibrations for the Cave Creek Collector were completed with flow and rainfall data for a total offour events. This area is largely partially-separated and combined, and a review of the flow data showed a very small infiltration response. Calibration for this system therefore focussed on adjustments to the percent imperviousness and catchment width to achieve a good match between modeled and measured flows. The groundwater routine was then used to slightly extend the tail ofthe runoff hydro graph. Table 11 .7 presents the results of the calibration. The rainfall volumes shown in Table 11 .7 represent area weighted rainfall volumes calculated using the radar rainfall data for each catchment in the Cave Creek Collector. The calibration events had rainfall volumes ranging from 19.4 mm to 44.3 mm. A review ofthe calibration curves indicated that the model reasonably computes hydrograph shape, peak flows and event volumes. Figure 11 .7 presents the comparison of modeled and measured peak flows for all of the final model calibration undertaken. Examination of Figure 11 .7 shows that measured and modeled peak flows were within the 15% envelope for 17 out of24 events. These results indicate that the refined model is capable of predicting peak flows in the West Nepean, Cave Creek and Mooney's Bay Collectors within a reasonable range of error. Figure 11 .8 presents the comparison of modeled and measured volumes for the final model calibration undertaken. Examination of Figure 11 .8 shows that measured and modeled event volumes were within a 15% envelope for all 24 model calibrations. These results indicate that the refined XP-SWMM model is capable of adequately predicting event volumes.
Summary and Conclusions
The City of Ottawa's sanitary sewer system services the older portions of the city and also conveys flows from the West Nepean Collector. The collection system currently accepts all dry weather flows, and also intercepts an estimated 82% of wet weather flows. As a part of the City's commitment to meet the MOE CSO Control Policies, an underground storage facility is being considered. The conceptual design of the Somerset Wastewater Storage Facility necessitated the development of a Project Model ofthe City's collection system. The initial calibrations of the Project Model, completed using point rainfall estimates from rain gauges did not produce adequate results for the West Nepean sewershed, and were adequate for the remainder of the system. To assist in the calibration of the WestNepean portion of the Project Model, rainfall data was developed for a virtual rain gauge network. The virtual rain gauge network provided 5-min rainfall volume estimates for each 1 km 2 of the drainage area, utilizing data from the existing rain gauges and the weather radar information.
Model calibration was perfom1ed utilizing virtual rain gauge data averaged of the Project Model sub-catchment areas in the West Nepean sewershed. Radar precipitation information provided accurate rainfall estimates over the large drainage area that enabled the successful model calibration. As a result of the calibration effmis, better prediction of inflows to Somerset Wastewater Storage Facility will be achieved, which will improve confidence in its sizing and the development of the optimal operating strategy.
